ABSTRACT: Conjugated linoleic acid (CLA), a mixture of isomers of linoleic acid, has many beneficial effects, including decreased tumor growth in animal cancer models. The cis-9, trans-11 isomer of CLA (CLA9,11) can be formed in the rumen as an intermediate in biohydrogenation of linoleic acid. Recent data, however, indicate that tissue desaturation of transfatty acids is an important source of CLA9,11 in milk. Our objective was to determine whether supplementing a high-corn diet with soybean oil (SBO; a source of linoleic acid) would increase concentrations of CLA in ruminal contents and tissue lipids. Four ruminally cannulated steers were utilized in a Latin square design with 28-d periods. A control diet (80% cracked corn, 2.0% corn steep liquor, 8.0% ground corn cobs, and 10% supplement [soybean meal, ground shelled corn, minerals, and vitamins]) was supplemented with 2.5, 5.0, or 7.5% (DM basis) SBO. Supplemental SBO did not affect ruminal pH or concentrations of the major VFA. The proportion and amount (mg FA/g DM ruminal contents) of CLA9,11 were not increased by increasing dietary SBO. However, the proportion and amount of the trans-10, cis-12 CLA isomer (CLA10,12) in ruminal contents 
Introduction
Consumption of red meat (www.beef.org/library/economic/index.htm) over the last two decades has been hindered by public concerns regarding the total fat and saturated fatty acid contents of beef. Thus, there is incentive for the production of meat containing increased proportions of fatty acids perceived as healthy, such as conjugated linoleic acid (CLA).
Conjugated linoleic acid, a mixture of positional and geometric isomers of linoleic acid (18:2 n-6; LA), is an intermediate in the ruminal biohydrogenation of LA to stearic acid (Kepler et al., 1966) . First identified as the antimutagenic substance in ground beef (Ha et al., 1987) , CLA has since been shown to be a potent anticarcinogen in several cell culture and animal models (re-viewed by Kritchevsky, 2000) . Other benefits attributed to CLA consumption include effects on body composition, the immune system, atherosclerosis, bone health (reviewed by MacDonald, 2000) , and glucose tolerance (Belury and Vanden Heuvel, 1999) . Meat and milk of ruminant origin are the principal dietary sources of CLA (Chin et al., 1992) . Moreover, the CLA found in meat and milk is primarily the cis-9, trans-11 configuration (CLA9,11; Fritsche and Fritsche, 1998) , the isomer believed to possess the anticancer properties (MacDonald, 2000) .
Enrichment of bovine milk fat with CLA9,11 has been achieved via dietary manipulation (Kelly et al., 1998; Chouinard et al., 2001) . The enrichment of beef with CLA has received less attention, and results have been variable (Engle et al., 2000; French et al., 2000) . Dhiman et al. (1999) identified the increased 18-carbon conjugated dienes in meat from steers fed diets supplemented with 4.0% SBO as the trans-10, cis-12 isomer of 18:2 (CLA10,12).
Our study was conducted to determine whether SBO supplementation of a high-concentrate diet fed to finishing beef cattle increases proportions of CLA, specifically CLA9,11, in ruminal contents and tissue lipids.
Materials and Methods
All procedures involving animals received approval from the University of Illinois Laboratory Animal Care Advisory Committee.
Experiment 1
Four ruminally cannulated Angus steers (595.0 ± 41.2 kg) were fed diets supplemented with (DM basis) 0.0, 2.5, 5.0, or 7.5% SBO (Central Soya, Gibson City, IL). Treatments were arranged in a 4 × 4 Latin square design with 28-d periods. Diet ingredients and nutrient composition are presented in Table 1 . Diets were mixed and fed once daily. The amount fed was adjusted to provide 10% orts except during the last 4 d of each period, when the steers were restricted to 90% of ad libitum intake determined over the previous 3 d of each period. Intake was restricted during sampling so that fluctuations in voluntary DMI would not be confounding factors in alterations in ruminal fermentation or biohydrogenation patterns. Steers were adapted gradually to the next treatment diet during the initial 4 d of each period. Water was freely available at all times.
Feed samples were obtained on two separate days during each sampling period, composited by period, dried at 55°C, ground through a 1-mm screen in a Wiley mill (Arthur H. Thomas, Philadelphia, PA), and analyzed for contents of DM (100°C for 24 h), energy (bomb calorimetry; Parr Instrument Co., Moline, Il), CP (Kjeldahl), NDF (Van Soest et al., 1991) , and ADF (Van Soest et al., 1991) . Fatty acid methyl esters (FAME) were prepared according to Sukhija and Palmquist (1988) . Nonadecanoic acid was used as the internal standard (Nu-Chek Prep, Elysian, MN). The FAME were analyzed on a Shimadzu 17A gas chromatograph equipped with a AOC 20i autosampler, a FID detector, and a Supelco 2380 fused silica capillary column (100 m × 0.25 mm i.d.; 0.2 m phase film). The initial temperature of 140°C was maintained for 4 min; the oven temperature was then increased at a rate of 3°C/min to 200°C, where it was held for 10 min, then ramped at 5°C/min to 220°C. The carrier gas was He at 21 cm/ s and the split ratio was 80:1. Fatty acids were identified by comparison of their retention times with those of known standards (Matreya, Pleasant Gap, PA; NuChek Prep).
Blood was sampled via jugular venipuncture 3 h after feeding on d 27 of each period into vacutainers containing EDTA and sodium azide. Plasma was centrifuged for 22 h at 100,000 × g to obtain a triglyceriderich lipoprotein fraction. Throughout the collection and centrifugation procedures the blood and plasma were maintained at 39°C (Grummer et al., 1986) . The triglyceride-rich fraction was extracted using hexane:isopropanol as described by Hara and Radin (1978) . The hexane layer containing the lipids was dried under a stream of N 2 and resuspended in hexane. The FAME were prepared using 0.5 M sodium methoxide and analyzed on the gas chromatograph system described above but fitted with a Supelco 2340 fused silica capillary column (30 m × 0.32 mm i.d., 0.2 m phase film). The initial oven temperature of 120°C was maintained for 2 min then ramped at 10°C/min to 180°C, where it was maintained for 10 min; it was then increased at 5°C/ min to the final temperature of 220°C. The carrier gas was He at 22 cm/s and a split ratio of 20:1 was used. Fatty acids were identified as described for feed samples. The calculation for the index of stearoyl CoA desaturase (⌬ 9 -desaturase) activity was adapted from Malau-Aduli et al. (1997) :
-desaturase index = 100 × ((C 14:1 + C 16:1 + C 18:1 )/ (C 14:1 + C 16:1 + C 18:1 + C 14:0 + C 16:0 + C 18:0 )) A sample of ruminal contents was obtained from the cranial-ventral area of the rumen (near the rumenreticulo:omasal orifice) on the final day of each period at 0, 15, 30, 60, 120, 180, 240, 360 , and 480 min after feeding. Ruminal fluid pH was measured immediately using a glass electrode. An aliquot for analysis of longchain fatty acids (LCFA) was placed in a bag, the air was evacuated, and the sample was frozen at −20°C. A separate aliquot was filtered through four layers of cheesecloth, acidified with 25% phosphoric acid, and centrifuged for 20 min (20,000 × g), and the supernate was frozen at −20°C. Upon thawing, the sample was centrifuged to remove any particulate matter and the supernate was used for VFA analysis. Concentrations of VFA were determined on a HP 5890 gas chromatograph fitted with a 1.8 m × 4 mm i.d. glass column packed with GP 10% SP-1200/1% H 3 PO 4 on 80/100 Chromosorb WAW (Supelco, Bellefonte, PA). Nitrogen was used as the carrier gas at a flow rate of 60 mL/min. Oven temperature was maintained at 125°C, detector temperature was 180°C, and injector temperature was 175°C.
The sample for LCFA analysis was freeze-dried and ground through a 1-mm screen, and a fraction was then shaken overnight with hexane:isopropanol (3:2) following the addition of nonadecanoic acid as an internal standard. The solvent was acidified and shaken for an additional 15 min before centrifugation and removal of the upper layer. The residue was washed with another aliquot of hexane:isopropanol and the upper layers were combined, dried under N 2 gas, and resuspended in benzene. Extraction with the acidified solvent resulted in increased yield of LCFA and did not alter the profile of LCFA when experiments were conducted with sets of standards. The FAME were prepared by incubating the extract at 50°C for 10 min in the presence of 1.2 M sodium methoxide. The solution was cooled and then incubated at 80°C with 5% methanolic HCl (prepared by the slow addition of 10 mL acetyl chloride to 10 mL methanol). The combination of base-and acid-catalyzed methylation of LCFA in ruminal samples is a compromise resulting in complete methylation of the LCFA with minimal isomerization of the conjugated 18:2 fatty acids (Kramer et al., 1997) . Fatty acids were identified based on retention times as described above. Additionally, selected samples were spiked with pure standards to verify individual peaks. The method used did not allow for reliable separation and quantification of individual trans isomers of 18:1 or 16:1. Peaks corresponding to the trans-9, 10, 11, and 12 isomers of 18:1 have been summed and are referred to as 18:1-trans. Two peaks eluting prior to cis 16:1 n-7 were summed and are referred to as 16:1-trans. If the bond configuration of a fatty acid is not stated, it can be assumed to be of the cis configuration. Peaks eluting with retention times identical to those in a CLA standard mixture but not identified as LA, CLA9,11, or CLA10,12 are grouped together as CLA isomers (CLAi).
The ruminal VFA and LCFA data were analyzed using the MIXED procedure in SAS version 8 (SAS Inst. Inc., Cary, NC). The experiment was conducted as a Latin square design with time as a repeated measure. The effect of steer was considered fixed and the data were fit using the ANTE(1) covariance structure of SAS. The plasma FAME data were analyzed using the MIXED procedure of SAS. Only one plasma sample was obtained per period. Linear, quadratic, and cubic contrasts examined the effect of increasing dietary SBO. Pairwise mean comparisons were generated using the PDIFF option of SAS. Data are presented as least squares means and were considered statistically different if P < 0.05. Differences of P < 0.15 to P < 0.05 are discussed as trends.
Experiment 2
Following an initial 28-d period for adjustment to a high-corn diet, 20 Angus-Wagyu heifers (initial BW 367 ± 23 kg) were paired by BW and then allocated randomly to receive either the 0 or 5% SBO diets. Diets were as described for Experiment 1 (Table 1) except that high-moisture corn replaced 50% of the cracked corn (DM basis) after the first 50 d. The heifers were housed in two pens. Daily individual feed intake was determined using Pinpointer 4000B (UIS Corp., Cookeville, TN) feeding devices. Heifers were rotated between the individual Pinpointer feeders at 4-wk intervals to remove potential bias. Body weights were recorded every 4 wk. Feed samples were obtained every 2 wk and analyzed as described in Exp. 1.
After a minimum of 102 d on the experimental diets, heifers were euthanatized with a captive bolt stun gun and exsanguinated. The heifers were processed at the University of Illinois Meat Science Laboratory. Hot carcass weights were obtained at the time of slaughter. Immediately following slaughter, samples were obtained from the small and large intestine (mid-point of each), subcutaneous (shoulder area), perirenal, and mesenteric adipose tissues, and liver. The intestinal samples were cleaned of residual contents. All samples were placed in plastic bags, the air was expelled, and the samples were frozen at −20°C. After the carcasses were chilled for 24 h, core samples were taken from the hindquarter (semitendinosis muscle), loin (Longissimus muscle), and forequarter (triceps muscle) and processed identically to the intestinal and adipose samples. Following the 24-h chilling, the following measurements were made by trained University of Illinois personnel: 1) subcutaneous fat depth over the longissimus muscle at the 12th rib; 2) kidney, pelvic, and heart fat (KPH) estimated as a percentage of carcass weight; and 3) longissimus muscle area. Yield and quality grades were calculated from carcass measurements.
Muscle and intestinal tissue samples were trimmed of visible external adipose tissue. Aliquots (approximately 2 g) of tissues (muscle, liver, intestines, adipose) were placed in a porcelain dish, blanketed with liquid N 2 , and ground with a mortar. An aliquot of the powdered tissue was extracted with hexane:isopropanol as described by Hara and Radin (1978) . Sample size was adjusted to ensure a consistent amount of lipid. The extract was dried under N 2 gas and resuspended in hexane. Fatty acid methyl esters were prepared using 0.5 M sodium methoxide and separated and identified as described for ruminal FAME. The calculation of desaturase index was as described for plasma lipids.
Feed intake, performance data, and tissue LCFA data were subjected to ANOVA using Proc GLM in SAS (SAS Inst. Inc.). Data are presented as least squares means and were considered different if P < 0.05. Differences of P < 0.15 to P < 0.05 are discussed as trends.
Results

Experiment 1
The ruminal contents from one steer in period 3 and from three steers in period 4 were very frothy and the contents were under pressure. This effect could not be related to treatment and feed intake was not affected (data not shown). The proportion of valerate was increased (cubic effect, P < 0.03) by the 2.5% SBO diet and the proportion of acetate tended to increase quadratically (P < 0.06) as the concentration of SBO in the diet increased from 2.5 to 7.5% (Table 2 ). The molar proportions of the other VFA, total VFA concentration, and ruminal pH changed significantly over the 8-h sampling period but were not affected by treatment (Table 2).
The proportions and total amount of LCFA in ruminal contents are shown in Table 3 . The amount (mg/g ruminal DM) of LCFA increased linearly (P < 0.01) with increasing SBO in the diet. The amount of LCFA in ruminal contents tended to be lower by 480 min after feeding (P = 0.06; 0 min vs 480 min, data not shown). The proportion of CLA9,11 in ruminal contents was unaffected by dietary SBO (P = 0.60) and the proportion of this CLA isomer decreased rapidly (P = 0.04; 0 min vs 30 min) after feeding ( Figure 1) . Conversely, the proportion of CLA10,12 increased linearly (P < 0.006) with increasing SBO in the diet. Although the overall time effect for CLA10,12 was significant (P < 0.03), the PDIFF procedure only identified a tendency for CLA10,12 to be increased at 120 min (P = 0.07) compared to time 0. No other time point comparisons approached significance.
The proportions of 14:0 (P < 0.01), 16:0 (P < 0.001), 16:1 n-7 (P < 0.001), 20:0 (P < 0.001), and 24:0 (P < 0.001) in ruminal contents decreased linearly with increasing dietary SBO. The proportions of 18:1-trans (P < 0.02), 18:3 n-3 (P < 0.03), 22:0 (P < 0.003), and CLAi (P < 0.002) increased linearly as dietary SBO increased. The proportions of LA (P = 0.83), 18:0 (P = 0.99) and 18:1 n-9 (P = 0.44) were unaffected by treatment. Proportions of all the major LCFA in the rumen changed over time. The proportions of 14:0 (P < 0.03) and 18:0 (P < 0.001) decreased and 16:0 (P = 0.07) tended to decrease as time after feeding increased. Oleic acid (18:1 n-9; P < 0.001) and LA (P < 0.001) increased over the 8-h postfeeding sampling interval. Table 4 lists Pearson square correlation coefficients and the associated P-value among the 18-carbon LCFA in ruminal contents. The conjugated isomers of LA (CLA9,11 and CLA10,12) in ruminal fluid were not correlated (P = 0.32). The proportion of CLA9,11 was correlated positively with 18:0 (P < 0.02) and negatively with both 18:1 n-9 (P < 0.007) and 18:1-trans (P < 0.05). The proportions of LA and CLA9,11 were not correlated (P = 0.26). Conversely, the proportion of CLA10,12 was correlated positively with the trans-isomers of 18:1 (P < 0.001) and negatively with LA (P < 0.003) and 18:1 n-9 (P < 0.001).
The effect of increasing dietary SBO on proportions of LCFA in the triglyceride-rich lipoprotein fraction from plasma is described in Table 5 . The proportion of 14:1 n-5 (P < 0.01) decreased and those of 20:0 (P = 0.11) and 20:3 n-6 (P = 0.09) tended to decrease linearly as dietary SBO increased. α-Linolenic acid (18:3 n-3) tended to increase (P = 0.08) with increasing dietary SBO. Lauric acid (12:0, P = 0.40), 14:0 (P = 0.24), 16:0 (P = 0.72), 18:0 (P = 0.19), 18:1 n-9 (P = 0.26), 18:1-trans (P = 0.51), LA (P = 0.83), and 20:4 n-6 (P = 0.62) were unaffected by dietary SBO.
Experiment 2
Feed intake and carcass measurements of heifers fed diets containing 0 or 5.0% SBO are shown in Table 6 . Supplemental SBO did not affect DMI (P = 0.18); thus, intakes of LCFA and, specifically, LA were increased by SBO treatment (P = 0.001). The difference between means for ADG (1.4 vs 1.6 kg/d for control and SBO, respectively) did not achieve statistical significance (P = 0.17). Gain:feed (P = 0.30), final BW (P = 0.55), and carcass weight (P = 0.87) were not affected by the addition of SBO. However, because of numerical treatment differences, SBO supplementation tended to decrease dressing percentage (P = 0.06). The SBO treatment had no effect on other carcass quality parameters including external fat thickness (P = 0.54), KPH % (P = 0.15), longissimus muscle area (P = 0.83), yield grade (P = 0.97), or marbling score (P = 0.40).
The effect of dietary SBO on the LCFA composition of tissues from muscles, organs, and adipose is described in Tables 7, 8 , and 9, respectively. Inclusion of SBO in the diet of heifers had no effect on the proportion of CLA9,11 in muscle lipids isolated from the forequarter (P = 0.62), loin (P = 0.29), or hindquarter (P = 0.75; Table 7 ). Conversely, the proportion of CLA10,12 increased in tissue lipids from the forequarter (P < 0.03) and hindquarter (P < 0.04). However, the concentration of CLA10,12 in muscle lipids was undetectable in many samples and was never greater than 0.02% of total LCFA. The proportions of 16:0 and its desaturation product 16:1 n-7 were decreased by dietary SBO in tissue lipids from the loin (16:0, P < 0.004; 16:1 n-7, P < 0.001) and hindquarter (16:0, P < 0.03; 16:1 n-7, P < 0.03). Dietary SBO increased the proportions of 17:0 and 18:1-trans in lipids from the forequarter (P < 0.02 and P < 0.02, respectively) and loin (P < 0.04 and P < 0.007, respectively). The SBO treatment consistently increased the proportion of 18:1-trans isomers by greater than 40% over control values. Increases in other LCFA, saturated and unsaturated, were less than 10%.
Dietary SBO increased or tended to increase the proportions of 18:0 in lipids from the forequarter (P < 0.04), loin (P < 0.01), and hindquarter (P = 0.06). However, diet did not affect the proportion of 18:1 n-9 (forequarter, P = 0.44; loin, P = 0.47; hindquarter, P = 0.40). The proportion of 18:1 n-7 was decreased by SBO in forequarter (P < 0.01) and loin (P < 0.02). The proportion of 18:3 n-3 was increased or tended to be increased in tissue lipids from the forequarter (P < 0.002), loin (P < 0.001), and hindquarter (P = 0.07). Diet did not affect proportions of 14:0, 14:1 n-5, 15:0, 16:1-trans, and 17:1 n-7. Except for decreases in 20:3 n-6 (P < 0.01), 20:4 n-6 (P < 0.04), and 22:4 n-6 (P < 0.04) in forequarter lipids, diet did not affect LCFA with chain lengths of 20 or 22 carbons in forequarter, loin, or hindquarter tissue lipids. The n-3:n-6 ratio was increased in forequarter (P < 0.01) and loin (P < 0.03) but not in hindquarter (P = 0.17) tissue lipids. The index of ⌬ 9 -desaturase activity was not affected by dietary SBO in forequarter (P = 0.36), loin (P = 0.57), or hindquarter (P = 0.36).
The LCFA composition of liver and intestines is listed in Table 8 . Dietary SBO did not affect the proportion of CLA9,11 in lipids from the liver (P = 0.54), small intestine (P = 0.43), or large intestine (P = 0.96). The CLA10,12 isomer was not detected in these tissues. Dietary SBO decreased the proportions of 16:0 (P < 0.04), 20:4 n-6 (P < 0.05), and 22:4 n-6 (P < 0.04) in liver lipids. Conversely, the proportions of 18:0 (P < 0.02), LA (P < 0.005), 18:3 n-3 (P < 0.001), and 20:5 n-3 (P = 0.08) in liver were increased or tended to be increased by dietary SBO. In the small intestine, the proportions of 14:0 (P < 0.04), 17:0 (P < 0.04), and 18:1 n-9 (P < 0.03) increased and 15:0 (P < 0.003), 20:4 n-6 (P < 0.01), and 22:4 n-6 (P < 0.004) decreased in response to SBO. In lipids from the large intestine, the proportion of 16:1-trans tended to be decreased (P = 0.15) and the proportion of 18:0 tended to be increased (P = 0.07) by SBO. Dietary SBO tended to increase (P = 0.07) the n-3:n-6 ratio in tissue lipids from the large intestine but had no effect on this ratio in the liver (P = 0.23) or small intestine (P = 0.44). The index of ⌬ 9 -desaturase activity tended to be increased (P = 0.09) in lipids isolated from the small intestine of heifers fed SBO compared with controls. Conversely, the desaturase index tended to be decreased by SBO in the liver (P = 0.07) and large intestine (P = 0.15). Table 9 lists the LCFA composition of the adipose tissue depots studied. The CLA9,11 isomer was not affected by diet in subcutaneous (P = 0.46), mesenteric (P = 0.93), or perirenal (P = 0.84) adipose tissue. The CLA10,12 isomer was increased by SBO in the subcutaneous (P < 0.001) and mesenteric (P < 0.001) adipose tissues; however, proportions remained very low and this isomer could not be detected in several of the samples examined. The proportion of 18:1 n-9 was decreased and 18:1-trans was increased by SBO in the subcutaneous (P < 0.02 and P < 0.02, respectively), mesenteric (P < 0.006 and P < 0.001, respectively), and perirenal (P < 0.001 and P < 0.002, respectively) adipose tissues. The proportion of 16:0 was decreased in mesenteric (P < 0.008) and tended to be decreased (P = 0.06) in perirenal adipose tissue; the product of its desaturation, 16:1 n-7, tended to be decreased in subcutaneous (P = 0.15) and was decreased in mesenteric (P < 0.003) and perirenal (P < 0.002) adipose tissues. Conversely, 18:0 was increased in mesenteric (P < 0.03) and perirenal (P < 0.03) adipose tissues, whereas 18:1 cis-9 was decreased in subcutaneous (P < 0.02), mesenteric (P < 0.006), and perirenal (P < 0.001) adipose tissues. Soybean oil increased the proportion of LA in perirenal (P < 0.05) adipose but had no effect on LA in subcutaneous (P = 0.60) or mesenteric (P = 0.28) adipose tissue lipids. α-Linolenic acid was increased in lipids extracted from subcutaneous (P < 0.04), mesenteric (P < 0.03), and perirenal (P < 0.01) tissues. The n-3:n-6 ratio was increased by SBO in subcutaneous (P < 0.03) and mesenteric (P < 0.05) adipose tissues, but not in perirenal (P = 0.42) adipose. The index of ⌬ 9 -desaturase activity was decreased in perirenal (P < 0.01) and subcutaneous (P < 0.02) adipose tissue and tended to decrease (P = 0.06) in mesenteric adipose tissue.
Discussion
Previous studies have demonstrated an increase in the CLA9,11 content of bovine milk fat when high-forage diets were supplemented with lipids rich in LA or 18:3 n-3 (Kelly et al. 1998; Chouinard et al., 2001 ). The overall objective of our work reported here was to determine whether beef lipids would be enriched with CLA9,11 when a high-corn finishing ration was supplemented with SBO as a source of LA. The first experiment determined the effect of increasing dietary SBO on the proportions of CLA and other LCFA in ruminal contents. The second experiment utilized two of the same diets and was designed to determine the effect of dietary SBO on the CLA content of tissue lipids. A comparison of the results of the two experiments allows us to make inferences about the relationship between modification of LCFA in the rumen and tissue lipids.
Ruminal Volatile Fatty Acids and pH
Ruminal pH and the proportions of VFA in ruminal liquor were not affected markedly by the addition of as much as 7.5% SBO to the diet (Table 2) . Although the steers were fed only once daily, ruminal pH remained relatively constant throughout the 8-h sampling period and was consistently below 7.0. Supplementing ruminant diets with vegetable oil typically depresses fiber digestibility, resulting in decreased VFA production and a decreased acetate:propionate ratio (reviewed by Jenkins, 1993) . The magnitude of this response is affected by source and amount of dietary fat and fiber (reviewed by Zinn, 1989) . For example, the ruminal acetate:propionate ratio decreased linearly with the additions of 4.0 and 8.0% blended animal vegetable fat to a barley-based finishing diet (Zinn, 1989) . Conversely, addition of 3.6% yellow grease to a diet of corn and hay had no effect on ruminal pH or proportions of VFA (Tjardes et al., 1998) and, when high-or low-forage rations were supplemented with 5.0% oil from canola seed, dietary forage amount and canola seed supple- mentation did not interact on ruminal characteristics or fiber digestibility (Hussein et al., 1995) . The ruminal acetate:propionate ratio (1.8) was not affected by SBO and was lower than values recorded by others. For example, Tjardes et al. (1998) and Zinn (1989) reported acetate:propionate ratios of 3.25 and 3.74, respectively. When steers were fed a diet containing 54% ground corn and 30% corn silage, the acetate:propionate ratio was 2.44 (Hussein et al., 1995) . The low ratio in our experiment can be attributed to both a decreased proportion of acetate and an increased proportion of propionate relative to the cited experiments. An acetate:propionate ratio below 2.5 has been associated with milk fat depression in lactating dairy cows (Woodford et al., 1986) , a syndrome that more recently has been attributed to increased ruminal synthesis of 18:1 trans-10 (Griinari et al., 1998) and CLA10,12 .
LCFA in Ruminal Contents and Plasma Triglyceride-Rich Lipoproteins
As amounts of dietary SBO increased, the proportions of 18:0, 18:1 cis-9, and 18:2 n-6 in ruminal contents were not affected (Table 3) . This lack of effect indicates that although the absolute amount of 18:0 formed was increased, the extent of biohydrogenation was not affected by SBO. Compared with results of others, however, we measured a lower mean proportion of 18:0 concomitant with higher proportions of 18:1 cis-9 and 18:2 n-6 (mean values of 34.1, 15.3, and 23.2%, respectively; Table 3 ) in ruminal contents, indicating that, regardless of SBO supplementation, biohydrogenation did not proceed to completion. When steers were fed a high-fiber diet supplemented with 4.0% SBO, mean daily proportions of 18:0, 18:1 cis-9, and 18:2 n-6 were 59.8, 5.0, and 2.9%, respectively (Bateman and Jenkins, 1998) . Similarly, Engle et al. (2000) measured proportions of 48.3% 18:0, 4.0% 18:1 cis-9, and 5.1% 18:2 n-6 in ruminal contents sampled 2 h after feeding from steers fed a high-concentrate diet supplemented with 4.0% SBO.
Biohydrogenation of LA to C 18:0 involves an initial isomerization of the cis-12 double bond to a trans-11 bond, forming CLA9,11. A microbial reductase hydrogenates the cis-9 bond, resulting in formation of 18:1 trans-11, which then is reduced to 18:0 (reviewed by Jenkins, 1993 and Bauman et al., 2000) . Several researchers have investigated this pathway using in vitro methodology. The trans-11 monoenoic fatty acid and the cis-9, trans-11 conjugated diene were the principal intermediates described (Viviani, 1970; Katz and Keeney, 1966) . Many factors affect the rate of biohydrogenation and potential for the accumulation of these or other intermediates (Polan et al., 1964; Harfoot et al., 1973; Gerson et al., 1988) . Although the CLA9,11 content of ruminal fluid was unchanged, the proportions of CLA10,12 and unidentified conjugated isomers of 18:2 increased dramatically as dietary SBO content increased (Table 3 ). The ratio of CLA9,11:CLA10,12 decreased from 5.0 to 0.19 as SBO supplementation increased from 0 to 7.5%. Recent research has identified the CLA10,12 isomer in meat (Dhiman et al., 1999; Poulson et al., 2001 ) and milk (Piperova et al., 2000) when steers or cows consumed high-concentrate diets. When cows were switched from a control diet (60:40 forage:concentrate) to a high-concentrate diet (25:70:5 forage:concentrate:soybean oil) the proportions of CLA10,12 and 18:2 trans-7, cis-9 increased, concomitant with decreases in 18:1 trans-11 and CLA9,11 (Piperova et al., 2000) .
Together, these data are consistent with shifts in the ruminal environment when cattle are fed restrictedroughage, high-concentrate diets that result in increased formation of CLA10,12 and 18:1 trans-10 in ruminal contents. Evidence indicates that, under some conditions when feeding such diets, an increased activity of rumen bacterial cis-9, trans-10 isomerase becomes the dominant first step in biohydrogenation, resulting in formation of CLA10,12 as the first intermediate . Hydrogenation of the cis-12 bond would result in formation of 18:1 trans-10, analogous to the production of 18:1 trans-11 from CLA9,11. When LA was incubated with Butyrivibrio fibrisolvens, transmonoenes with the double bond at the ⌬9 or ⌬11 positions were formed. The incubation of alkali-isomerized LA containing a mixture of cis and trans conjugated isomers (CLA9,11 and CLA10,12) resulted in the formation of trans-monoenes with the double bond at the ⌬ 9 or ⌬ 10 position (Kepler et al., 1966) . In our experiment, correlation analysis showed a positive relationship between the proportions of CLA10,12 and trans isomers of 18:1. Conversely, CLA9,11 was correlated negatively with 18:1-trans. The proportions of CLA9,11 and CLA10,12 were not correlated (Table 4) . Gupta et al. (1950) determined that the "vaccenic acid" isolated from milk fat and the body fat of sheep and oxen was not pure 18:1 trans-11 as previously thought, but was a mixture of 18:1 trans-10 and 18:1 trans-11. The trans-11 isomer was predominant in milk fat, but the body fat of oxen and sheep had higher amounts of 18:1 trans-10 (Gupta et al., 1950) . Low ruminal pH, caused by a high-concentrate diet, increased the flow of total 18:1-trans to the duodenum . Moreover, when unsaturated fat was added to a low-forage diet a specific isomer, 18:1 trans-10, increased . Similarly, although 18:1 trans-11 was the major trans-isomer in milk fat from cows fed a high-concentrate diet, the 18:1 trans-10 isomer also was increased . Other isomers that have been detected, including trans 5, 6, 7, 8, or 9 (Piperova et al. 1997) and trans 12 or 13/14 (Katz and Keeney, 1966; Griinari et al., 1998) , do not seem to be responsive to diet.
One of the many factors that affect the extent of biohydrogenation in the rumen is the concentration of LA. Using in vitro techniques, Harfoot et al. (1973) determined that 18:0 was the major end product if LA was incubated at a concentration of less than 1.0 mg/ mL of ruminal contents, and 18:1 trans-11 accumulated if the initial concentration of LA was greater than 1.0 mg/mL. Sucrose was used as a carbon source and pH was maintained at ≥ 6.3. Although not measured in our experiment, ruminal DM content usually is between 10 and 15% and is relatively stable (Church, 1983) . Using those values, the rumen likely contained 0.86 to 1.29 mg LA/mL of ruminal contents when steers were fed the control diet. Consequently, even the control diet likely resulted in ruminal concentrations of LA that would be inhibitory to biohydrogenation, which would favor accumulation of 18:1-trans isomers. The inhibition of biohydrogenation likely was enhanced by the low ruminal pH, as discussed earlier. Griinari et al. (1998) concluded that two conditions were required for increased ruminal synthesis of 18:1 trans-10: 1) the presence of unsaturated LCFA for substrate and 2) an altered ruminal environment leading to incomplete biohydrogenation. The diets we fed fulfilled both criteria. Because increasing SBO did not affect the proportions of either 18:0 or LA in ruminal contents, we conclude that biohydrogenation in our experiment was probably inhibited by the high-concentrate diet. The LA from the SBO in the diet provided substrate but did not influence the biochemical pathway for biohydrogenation.
Dietary SBO resulted in an increased proportion of 18:3 n-3 in ruminal contents. The pathway for reduction of 18:3 n-3 to 18:0 involves 18:1 trans-11 but not CLA9,11 as an intermediate (Kellens et al., 1986) . Using an in vitro system, Kellens et al. (1986) showed that 18:3 n-3 disappeared at a greater rate than LA. It has been shown in vivo that 18:3 n-3 is ruminally biohydrogenated to a greater extent than LA (Wu et al. 1991) and this difference is greater at a lower ruminal pH (Van Nevel and Demeyer, 1996) . These observations make it difficult to explain why the ruminal concentration of 18:3 n-3 increased with increasing dietary SBO but the concentration of LA was unaffected.
The LCFA concentration of the plasma triglyceriderich lipoprotein fraction reflects LCFA absorbed from the intestine (Table 6 ). In general, the proportions reflected those found in the rumen. No conjugated 18:2 isomers were detected in this fraction, but this may be an artifact of the lower sensitivity of methodology used for plasma as compared to the ruminal contents. Bickerstaffe et al. (1972) observed no selectivity in the rate of absorption of geometrical and positional isomers of octadecenoate from the small intestine of goats. The increased proportions of 14:1 and 16:1 in plasma triglycerides, relative to their proportions detected in ruminal contents, is evidence for an active ⌬ 9 -desaturase, which has been measured in ruminant intestinal epithelium (Bickerstaffe et al., 1972) . The lower 18:1 cis-9:18:0 ratio in plasma triglycerides than was observed in ruminal contents is difficult to explain. However, activity of ⌬ 9 -desaturase is much lower in intestinal mucosa than in adipose tissue from steers (Chang et al., 1992) .
Performance and Carcass Composition of Heifers
Inclusion of 5.0% SBO in the diet of fattening AngusWagyu heifers did not affect feed intake or performance and had only minimal effects on carcass composition (Table 6 ). Others have reported variable performance responses to supplemental fat. When Brandt and Anderson (1990) fed finishing diets containing steamflaked milo supplemented with 3.5% fat (DM basis) to Simmental-cross steers, the carcass weight, dressing percentage, and feed efficiency responses varied between fat sources. Engle et al. (2000) observed a decreased DMI and decreased marbling, dressing percentage, KPH%, yield grade, longissimus muscle area, and quality grade when Angus steers were fed a high-concentrate diet supplemented with 4.0% SBO. Similarly, Andrae et al. (2000) reported a decreased DMI when Angus steers were fed rations containing high-oil corn, regardless of whether the high-oil corn diet was isocaloric with the control or had increased energy density. However, in their experiment, the increased dietary lipid resulted in increased marbling score and quality grade, although other quality parameters were unaffected (Andrae et al., 2000) . The diets used in our experiments were not isocaloric because the SBO was added to replace corn on a weight basis (Table 1) . Although digestibility was not measured, the increased energy intake for heifers fed the SBO diet, with no effect on final BW or carcass parameters, suggests a lower diet digestibility or decreased efficiency of ME use. Calculations of Brandt and Anderson (1990) demonstrated an increase in the dietary NE for maintenance and gain when the diet was supplemented with SBO. Some of the discrepancies among experiments could be due to breed differences. The heifers used in our experiment were Angus × Wagyu cross. The Wagyu breed exhibits greater intramuscular fat deposition (marbling) than do traditional breeds (May et al., 1993) . The proportion of subcutaneous fat increases more than that of intramuscular tissue as cattle gain BW (Demeyer and Doreau, 1999) ; thus, differences due to treatments imposed only during the finishing period may be more difficult to detect using this breed.
Dietary SBO had only modest effects on proportions of the major LCFA in the tissues examined (Tables 7, 8 , and 9), in agreement with conclusions of others (Brandt and Anderson, 1990, Kimura, 1997; Engle et al., 2000) that the LCFA composition of ruminant tissues is rela-tively insensitive to dietary lipid. An exception to this is when the dietary lipid demonstrates some resistance to ruminal biohydrogenation (Rule et al., 1994; Andrae et al., 2001) , illustrating the importance of ruminal biohydrogenation on tissue LCFA. Again, treatment effects may be more pronounced if imposed during the growing phase. For example, when Angus crossbred steers were finished on pasture or high-concentrate diets the CLA9,11 content of the loin and round was increased only when the backgrounding ration had also included pasture (Poulson et al. 2001) . Tissue LCFA composition was altered when calves were placed on a finishing diet at 6 mo of age rather than 18 mo (Rule et al., 1997) .
Ruminant tissue LCFA concentrations reflect ruminal and tissue modifications of dietary LCFA. As discussed earlier, the profile of the major LCFA in the rumen was not markedly affected by inclusion of SBO in the diet (Table 3) . Moreover, others have shown variability in intestinal digestibility of LCFA. The intestinal digestibility of the major LCFA in crushed canola seed varied from 56 to 80% when fed to steers on a lowforage ration (Hussein et al., 1996) . Wu et al. (1991) measured a lower intestinal digestibility of 18:0, but not of unsaturated 18-carbon LCFA or 16:0, when the amount of fat included in the diet of dairy cows was increased from 3.0 to 6.0%. Tissue LCFA may not reflect dietary LCFA composition because of ruminal modification and differences in intestinal absorption of LCFA. In addition, ⌬ 9 -desaturase and elongase enzymes present in adipose, intestinal mucosa, liver, and muscle (Chang et al., 1992) further modify tissue LCFA.
The proportion of LA, the predominant fatty acid in SBO, was increased by SBO only in lipids from liver. Dietary SBO did not affect the LA content of muscle tissue, agreeing with Engle et al. (2000) , who observed no change in the LA content of longissimus muscle with the addition of 4.0% SBO to the diet of finishing steers. The proportion of LA that we measured in muscle is higher than that reported by others in lipids of Longissimus muscle from crossbred Wagyu steers fed typical feedlot diets based on corn (Sturdivant et al., 1992) or barley (Kazala et al., 1999; Mir et al., 2000) . This result may be due to differences in diet, genetics, or slaughter ages. Longissimus muscle obtained from Wagyu sires possessing "old" vs "new" genetics (based on chronological order of importation into the United States) had different LA content (Calles et al., 1997) . The intramuscular adipose tissue from fatter animals tends to contain more saturated LCFA than does that from lean animals, which is a function of the greater proportion of polar than of neutral lipids in the fat from leaner animals (Demeyer and Doreau, 1999) .
Linoleic acid is an essential fatty acid and the biochemical precursor of the other n-6 fatty acids measured in our experiment. In contrast to LA, dietary SBO decreased the proportions of 20:3 n-6, 20:4 n-6, and 22:4 n-6 in lipids from the liver and small intestine, suggesting decreased activity of elongase and(or) desaturase enzymes. Long-chain PUFA typically repress the activity of ⌬ 9 -desaturase (reviewed by Ntambi, 1999) ; however, Chang et al. (1992) observed an increased activity of ⌬ 9 -desaturase, but not elongase, in longissimus muscle when steers were fed diets containing higholeate sunflower seeds.
Relative to the unsaturated 18-carbon LCFA, the SBO treatment provided only moderate amounts of 18:0 in the diet. However, the 18:0 leaving the rumen is the sum of dietary 18:0 and the ruminally biohydrogenated unsaturated 18-carbon LCFA from the diet. The proportion of 18:0 isolated from loin was similar to that observed in longissmus muscle of crossbred Wagyu cattle fed a high-barley finishing ration (Kazala et al., 1999; Mir et al., 2000) . The increased amount of 18:0 leaving the rumen in the heifers fed the 5.0% SBO diet was reflected in an increased 18:0 content of the mesenteric and perirenal adipose tissue. This finding corroborates the work of Engle et al. (2000) , who observed no change in the proportion of 18:0 in the longissimus muscle of finishing steers consuming diets supplemented with 4.0% SBO. Of interest in our experiment is that the proportion of 18:0 was increased in mesenteric and perirenal adipose tissue, but not in subcutaneous adipose tissue. Internal adipose depots contain more saturated LCFA than does subcutaneous adipose tissue (Wood, 1984; Webb et al., 1998) . Our results indicate that LCFA of subcutaneous adipose tissue were more resistant to change than were those of mesenteric or perirenal adipose tissues. The SBO was added to the diet during the finishing period. During this time, subcutaneous adipose tissue increases at a greater rate than other adipose depots (Demeyer and Doreau, 1999) ; therefore, we would predict that LCFA of subcutaneous adipose tissue would be more reflective of the LCFA absorbed during finishing. However, if duodenal flow of LCFA (not measured) reflected the patterns of LCFA found in ruminal contents, then our dietary treatment likely did not markedly alter the concentrations of LCFA available for absorption.
The proportions of 14:1 n-5, 16:1 n-7, and 18:1 n-9 in tissues are a function of the amounts of these LCFA available for absorption as well as action of ⌬ 9 -desaturase. The proportion of 18:1 n-9, the major LCFA in this group, was decreased by SBO in adipose tissues but was increased in the small intestine tissue lipids. Activity of desaturase can be estimated using the ratio of the unsaturated products over the sum of the products and the saturated precursor LCFA (Yang et al., 1999) . As suggested by Malau-Abduli et al. (1997) we have expressed this ratio as a percentage. Evidence for the activity of ⌬ 9 -desaturase is the increased proportion of monounsaturated LCFA in tissues relative to their proportions in ruminal contents. An exception to this was liver, which had lower amounts of monounsaturated LCFA relative to other tissues and similar to those measured in the rumen. The index of desaturation was approximately 50% lower in liver than in other tissues. St. John et al. (1991) found that microsomal desaturase activity was similar in rat liver and bovine subcutaneous adipose tissue but was undetectable in bovine liver. Conversely, Chang et al. (1992) used similar methodology but measured greater desaturase activity in the liver of steers than in the intestinal mucosa or longissimus muscle; however, it was extremely variable among animals.
The index of desaturase activity declined numerically in all tissues except the small intestine when heifers were fed the SBO-supplemented diet. However, only in the mesenteric and perirenal adipose tissue was this decrease significant. The proportions of 16:1 n-7 and 14:1 n-5 followed a similar but less pronounced trend, possibly due to the difficulty of detecting the very small amounts of these LCFA in some tissues.
Although 18:3 n-3 is only a minor LCFA in ruminant lipids, dietary SBO resulted in an increased proportion of 18:3 n-3 in the forequarter, loin, liver, and all adipose tissues examined. This increase reflected the increased concentration of 18:3 n-3 in ruminal contents when SBO was supplemented. The proportions we measured are higher than the 0.05% reported by Calles et al. (1997) or the 0.14% measured by Mir et al. (2000) in lipid fractions obtained from longissimus muscle from crossbred Wagyu steers fed barley-alfalfa diets.
The proportion of 16:0 was decreased by SBO in all tissues, with significant decreases in the loin, liver, perirenal, and mesenteric adipose tissue. The proportions we report in loin are similar to those observed by Kazala et al. (1999) in crossbred Wagyu cattle but higher than those measured in Wagyu cattle by Mir et al. (2000) .
In a review examining the regulation of human plasma low-density lipoprotein (LDL) cholesterol concentrations by dietary cholesterol and fatty acids, Spady et al. (1993) concluded that intakes of 14:0 and 16:0 correlated with increases in plasma LDL-cholesterol and thus were risk factors for cardiac disease. The fatty acids 18:1 cis-9 and LA tended to decrease plasma LDL-cholesterol; stearic acid was neutral in effect. According to this scheme, supplemental SBO in our study resulted in changes of LCFA in edible tissues that would result in a healthier product. However, the changes were subtle and of questionable relevancy in terms of human health.
Response of 18:2 and 18:1 Isomers to Supplemental SBO
A major focus of this work was the enrichment of bovine tissues with an 18:2 isomer, CLA9,11, which has demonstrated anticarcinogenic activity in a number of animal and cell culture models. Although dietary SBO did not increase the proportion of this isomer in ruminal contents (Table 3) , the proportions of other isomers were increased. Notably, the proportion of 18:1-trans isomers increased linearly in ruminal contents as dietary SBO increased. The SBO treatment had no effect on the proportion of CLA9,11 in any of the tissues examined from heifers (Tables 7, 8, and 9) . In fact, the effect of SBO treatment on this LCFA is remarkable for the lack of response. Our results agree with the research of McGuire et al. (1998) , who showed no increase in CLA9,11 content of longissimus muscle tissue lipids from beef steers on finished diets containing high-oil corn. Similarly, the CLA9,11 content of muscle lipids was not increased by supplementing a feedlot diet with 4.0% SBO (Dhiman et al., 1999; Engle et al., 2000) . Researchers have successfully increased the CLA9,11 content of beef lipids by increasing the forage portion of the diet French et al., 2000) or by supplementing diets with long-chain n-3 fatty acid supplements (Enser et al., 1999) . However, in the latter experiment (Enser et al., 1999) , the steers also were allowed ad libitum access to grass silage.
In several of the tissues studied, we observed a significant increase in the proportion of CLA10,12 when the diets were supplemented with SBO. This finding must be interpreted with caution, because this isomer was not detected consistently. However, our results corroborate those of Dhiman et al. (1999) , who reported increased concentrations of CLA10,12 in lipids from the loin when steers were fed diets supplemented with SBO.
Although early work demonstrated synthesis of CLA9,11 in the rumen, it has recently been shown that the presence of this LCFA in milk fat is primarily attributable to the action of mammary ⌬ 9 -desaturase on 18:1 trans-11 . This pathway explains why dietary 18:3, which is a precursor of 18:1 trans-11 but not CLA9,11 in the rumen, results in increased concentrations of CLA9,11 in milk fat Dhiman et al., 2000) . This pathway also may explain why the CLA content of muscle from Charolais steers given ad libitum access to grass silage was increased two-to threefold by the inclusion of fish oil in the diet (Enser et al., 1999) .
Conclusions
The enrichment of either milk or meat with CLA9,11 evidently requires 1) increased synthesis of 18:1 trans-11 in the rumen and 2) an active, or increased, activity of ⌬ 9 -desaturase enzyme in tissues. In this experiment, adding SBO as a source of LA to high-corn diets did not increase synthesis of CLA9,11 but increased CLA10,12 and the total trans isomers of 18:1 in ruminal contents. The index of desaturase activity was increased only in the small intestine. In other tissues, there was a numerical decline in this index. We speculate that the increase in trans isomers of 18:1 in ruminal contents was attributable to isomers other than 18:1 trans-11; therefore, neither condition for enrichment of tissues with CLA9,11 was met with our treatments. The lack of an effect of treatment on the proportion of CLA9,11 in tissues supports this conclusion.
Implications
Supplementing high-concentrate finishing diets with soybean oil or other sources of linoleic acid is not an efficacious method for increasing the CLA9,11 content of beef. Ruminal conditions during consumption of a high-corn finishing diet favor conversion of dietary polyunsaturated fatty acids to isomers other than those leading to CLA9,11 in tissues. If a market for CLAenriched beef is established, other methods of finishing the cattle such as the use of high-forage diets need to be investigated. Given that CLA10,12 recently has been shown to be inhibitory to processes of lipid synthesis, the potential implications of increased formation of CLA10,12 in finishing cattle remain to be determined.
